, .
To account f o r t h e enhancement i n n requires, i n addition, f o r t h e semiconductor/metal i n t e r f a c e t o a c t as a r e f l e c t i n g b a r r i e r f o r electrons.
I n t r o d u c t i o n . -I t i s w e l l known t h a t the p h o t o v o l t a i c behavior o f Schottky b a r r i e r s o l a r c e l l s can be d r a s t i c a l l y modified by the i n c o r p o r a t i o n o f a t h i n i n s u l a t i n g l a y e r between t h e metal and t h e semiconductor. Metal -insulator-semiconductor (MIS) s t r u c tures have been studied e x t e n s i v e l y f o r t h e case o f c r y s t a l l i n e semiconductors (1). More r e c e n t l y MIS s t r u c t u r e s have been used i n t h e case o f amorphous s i l i c o n t o enhance t h e open c i r c u i t voltage, V , , , o f s o l a r c e l l s (2-4). Another b e n e f i c i a l e f f e c t o f t h e i n s u l a t o r l a y e r t h a t has been observed i n hydrogenated amorphous s i l i c o n (aSiHx) MIS s t r u c t u r e s i s t h e enhancement i n t h e c o l l e c t i o n e f f i c i e n c y , n, f o r c a r r i e r s
generated by s t r o n g l y absorbed l i g h t ( 5 ) . I n t h i s paper we shed l i g h t on t h e mechanism o f enhancement o f V c and Q i n a-SiH M I S s t r u c t u r e s . W e use Auger Electron Spectroscopy (AES) t o cgaracterize t h e s t a t e o f o x i d a t i o n o f t h e a-SiHx surface. E,leasurements o f t h e i n t e r n a l photoemission and t h e forward I -V c h a r a c t e r i s t i c s show t h a t t h e enhancement i n V i s due t o an increase i n t h e b u i l t -i n p o t e n t i a l , V , i n t h e semiconductor, w h i l e 88st o f t h e enhancement i n r e s u l t s from t h e semicon8uctor i n s u l a t o r i n t e r f a c e a c t i n g as a r e f l e c t i n g b a r r i e r f o r electrons.
Results.-The a-SiHx f i l m s were prepared by RF glow discharge decomposition of SiH4 under conditions described p r e v i o u s l y 66). The substrates were 7059 glass w i t h a l000R t h i c k evaporated C r film. A 500A t h i c k phosphorous doped SiHx f i l m formed ohmic contact t o t h e undoped SiH, f i l m which was t y p i c a l l y lpm t h i c k . When we wished t o achieve an i n t i m a t e metal semiconductor contact, we e i t h e r t r a n s f e r r e d t h e f i l m s w i t h i n several minutes a f t e r preparation t o t h e vacuum system i n which metal contacts (2mm2 Pd o r Pt dots about lOOA t h i c k ) were evaporated, o r t h e f i l m s were etched i n b u f f e r e d HF and r i n s e d i n deionized water j u s t p r i o r t o m e t a l l i z a t i o n . No s i g n i f i c a n t d i fferences were found i n the e l e c t r i c a l p r o p e r t i e s o f t h e MIS s t r u c t u r e s formed by t h e two methods. The oxidations were performed i n oxygen a t 300°C p r i o r t o t h e evaporati o n o f the semitransparent metal contacts.
To characterize t h e surfaces o f our a-SiHx f i l m s , we prepared samples s u i t a b l e f o r surface analysis. These samples were prepared and t r e a t e d (etched o r oxidized) i d e n t i c a l l y as those used f o r t h e e l e c t r i c a l measurements. A f t e r t h e treatment, t h e samples were introduced w i t h i n 15 minutes, v i a a f a s t i n t r o d u c t o r y system, i n t o an u l t r a -h i g h vacuum chamber f o r t h e surface analyses. AES was used f o r elemental surface characterization.
U. V. photoelectron spectroscopy along w i t h S i Auger l i n e shape were used t o characterize t h e n a t u r e o f t h e oxide. near 270 eV. Upon oxidizing the surface, t h e amplitude of the oxygen signal increased whjle the amplitude of t h e s i l i c o n lin-eea$ 90 eV dgcreased. A t the same time t h e silicon Auger transition s t a r t e d t o develop features below 80 eV characteristic of oxidized Si (7). The detailed shape of the silicon Auger transition i s shown in Fig. 1 f o r three different conditions of the a-SiH surface: sputter cleaned (A), oxidized (B), and heavily oxidized (C). W e can forlow here the decrease of the 90 eV peak and the development of a peak near 75 eV. W e find that the ratio of the ampli- Collection efficiency measurements were made with monochromatic light flux of 1013 photons/cm2sec. Details of the technique have been published (9) . The collection efficiency Q(X) (defined as the ratio of, charge carriers collected t o photons transmitted through the top metal contact) i s shown as a function of wavelength, X, in Fig. 2 for two MIS structures. The data were obtained under short circuit current conditions, on a cell with intimate metal-semiconductor contact and on one in which the SiHx film was exposed t o oxygen f o r 30 minutes. The l i n e i n the figure i s theoretical and was calculated using the model of Gutkowicz-Krusin (10) with the characteristic width of the space charge region, X. and t h e hole diffusion length, LP as best f i t parameters. An absorbing boundary was used in t h e calculation i.e., every c a r r i e r reaching the contact i s assumed t o be extracted. The calculated curve can be seen t o reproduce a l l of the features of the experimental data and, i n particular, t h e decrease of q(X) a t the small values of A. This decrease i s due t o the back diffusion of the electrons photogenerated close t o the contact and i t i s the feature which i s most strongly affected by a thin oxide layer. W e have investigated a number of a-SiHx samples having different densities of gap s t a t e s . I.le find (11) that the values of Q(X) a t short wavelengths (% 0.4vm) are essentially determined by the surface e l e c t r i c f i e l d which t o a good approximation i s Vo/Xo and depends both On the metal contact and on the density of gap s t a t e s . However, invariably we find that upon oxidation, Q(X) increases a t short wavelengths. In Fig. 3 we plot the V, values, obtained with 100mw/cm2 of tungsten white light, as a function of the ~, 6~( f 5 ) /~i ( 9 0 ) r a t i o for several Pd/a-SiHx Structures. W e notice t h a t V increases monotonically w i t h the degree of oxidat on up t o about 0.7 volt where #saturates.
Ue f i n d t h a t f r e s h l y etched surfaces e x h i b i t an Auger dN(E)/dE peak near 90 eV c h a r a c t e r i s t i c o f non o x i d i z e d S i . The d e t a i l e d l i n e shape i s q u a l i t a t i v e l y s i m i l a r t o t h a t o f clean s i l i c o n . The r a t i o o f t h e i n t e n s i t i e s o f t h e oxygen 510 eV t r a n s i t i o n t o t h a t o f t h e s i l i c o n 90 eV t r a ns i t i o n i s between 0.03-0.10. By s p u t t e r cleaning we succeeded t o reduce t h i s r a t i o f u r t h e r t o c
This saturation was well established on many samples; in Fig. 3 we only plotted results n ,~ samples whew we also measured t h e AES spectra. The points a t the lowest oxygen coverage correspond t o etched samples and represent oxygen coverages close t o a monolayer. We a l s o performed measurements on Pt/a-SiH MIS s t r u c t u r e s ; t h e value o f V corresponding t o t h e etched surfaces was appr@iably h i g h e r (Q 0.55 t o 0.60 V) than f o r t h e comparable Pd s t r u c t u r e s w h i l e t h e maximun value was s t i l l Voc -0.7V.
To evaluate t h e b a r r i e r heights, @, o f t h e MIS s t r u c t u r e s we measured t h e i n t e r n a l photoemission (12) ( f r o m t h e metal i n t o t h e a-SiHx) using low photon energies (hv below 1.5 eV). I n Fig. 4 (11) , r e s p e c t i v e l y ; i n good agreement w i t h changes i n 0. We were unable t o measure b a r r i e r heights above .L 1.2 eV because the i n t e r n a l photoemission became t o o small and was obscured by photogeneration from gap s t a t e s (12) . To determine t h e b u i l t -i n p o t e n t i a l , Vq, we measured t h e f a r forward b i a s I -V c h a r a c t e r~s t i c s . Although t h e r e may be some u n c e r t a i n t y i n t h e absolute value o f V , derived by t h i s method, i t i s q u i t e s u i t a b l e f o r measuring changes i n V , (13) . I k Discussion. -I n order t o unambiguously c o r r e l a t e the s t a t e o f o x i d a t i o n w i t h t h e e l e c t r i c a l propert i e s o f t h e MIS s t r u c t u r e s we found i t necessary t o characterize t h e surfaces by AES. W e discovered, somewhat t o our surprise, t h a t exposure t o oxygen f o r a given amount o f time d i d n o t always reproduce t h e same degree o f o x i d a t i o n . This may poss i b l y be due t o t h e presence o f minute q u a n t i t i e s o f i m p u r i t i e s which c o v l d catalyze t h e o x i d a t i o n process.
The experimental r g s u l t s provide evidence t h a t t h i n oxide l a y e r s (< 20A) i n a-SiHx MIS s t r u c t u r e s increase t h e b a r r i e r height 0. P r a c t i c a l l y a l l o f t h e increase i n @ appears as an increase i n the b u i l t -i n p o t e n t i a l , V , . T h i s suggests t h a t t h e i ncrease i n @ and V. i s due t o t r a n s f e r o f e l e c t r o n s from t h e semiconductor i n t o a c c e p t o r -l i k e surface s t a t e s associated w i t h t h e presence o f t h e oxide l a y e r . Such an i n t e r p r e t a t i o n i s consistent w i t h our,experimental observation t h a t t h e diode q u a l i t y f a c t o r s (2) f o r our t h i n oxides ( t 20A ) remained equal t o u n i t y . For t h i c k e r oxides t h e diode q u a l i t y f a c t o r s were l a r g e r than u n i t y , i n d i c a t i n g t h a t some o f the b u i l t -i n p o t e n t i a l drop occurs across t h e oxide. While t h e increase i n V , f u l l y accounts f o r the increase i n V . , i t i s n o t s u ff i c i e n t l y l a r g e t o e x p l a i n the observed enhancement of f o r strongfy absorbed l i g h t . To f u r t h e r reduce t h e back d i f f u s i o n o f e l e c t r o n s t o t h e metal contact, t h e oxide l a y e r has t o a c t as a p a r t i a l l y r e f l e c t i n g b a r r i e r . The o r i g i n o f t h e r e f l e c t i n g b a r r i e r i s l i k e l y t o be due t o a misalignment o f t h e a-SiH and oxide conduction bands. On t h e o t h e r hand, i t appears from our data t h a t t i e hole t r a n s p o r t i s n o t s i g n i f i c a n t l y a f f e c t e d by t h e oxide.
